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ABSTRACT: Raman spectroscopy has become an essential technique to characterize and 
investigate graphene and many other two-dimensional materials. However, there still lacks 
consensus on the Raman signature and phonon dispersion of atomically thin boron nitride (BN), 
which has many unique properties distinct from graphene. Such a knowledge gap greatly affects 
the understanding of basic physical and chemical properties of atomically thin BN as well as the 
use of Raman spectroscopy to study these nanomaterials. Here, we use both experiment and 
simulation to reveal the intrinsic Raman signature of monolayer and few-layer BN. We find 
experimentally that atomically thin BN without interaction with substrate has a G band frequency 
similar to that of bulk hexagonal BN, but strain induced by substrate can cause pronounced Raman 
shifts. This is in excellent agreement with our first-principles density functional theory (DFT) 
calculations at two levels of theory, including van der Waals dispersion forces (opt-vdW) and a 
fractional of the exact exchange from Hartree-Fock (HF) theory through hybrid HSE06 functional. 
Both calculations demonstrate that the intrinsic E2g mode of BN does not depend sensibly on the 
number of layers. Our simulations also suggest the importance of the exact exchange mixing 
parameter in calculating the vibrational modes in BN, as it determines the fraction of HF exchange 
included in the DFT calculations. 
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Raman spectroscopy has become an essential technique to characterize and investigate graphene 
and many other two-dimensional materials. However, there still lacks consensus on the Raman 
signature and phonon dispersion of atomically thin boron nitride (BN) which has many unique 
properties distinct from graphene. Such a knowledge gap greatly affects the understanding of basic 
physical and chemical properties of atomically thin BN as well as the use of Raman spectroscopy 
to study these nanomaterials. Here, we use both experiment and simulation to reveal the intrinsic 
Raman signature of monolayer and few-layer BN. We find experimentally that atomically thin BN 
without interaction with substrate has a G band frequency similar to that of bulk hexagonal BN, 
but strain induced by substrate can cause pronounced Raman shift. This is in excellent agreement 
with our first-principles density functional theory (DFT) calculations at two levels of theory, 
including van der Waals dispersion forces (opt-vdW) and a fractional of the exact exchange from 
Hartree-Fock (HF) theory through hybrid HSE06 functional. Both calculations demonstrate that 
the intrinsic E2g mode of BN does not depend sensibly on the number of layers. Our simulations 
also suggest the importance of the exact exchange mixing parameter in calculating the vibrational 
modes in BN, as it determines the fraction of HF exchange included in the DFT calculations.  
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Boron nitride (BN) nanosheets, atomically thin hexagonal boron nitride (hBN), are an isoelectronic 
and structural analog of graphene, with excellent mechanical strength and thermal conductivity.1,2 
BN nanosheets have a number of properties and applications distinct from graphene.3 For instance, 
BN nanosheets can withstand oxidation beyond 800 °C in air,4 and this superior thermal stability 
makes them an excellent barrier to protect metals against oxidation at high temperatures.5,6 
Furthermore, BN nanosheets with wide band gaps of ~6.0 eV are the thinnest electrically insulating 
materials,7,8 suitable to serve as dielectric substrates to improve the mobility of graphene and 
molybdenum disulfide (MoS2) based devices.9,10 BN nanosheets can also enable highly sensitive, 
reproducible and reusable sensors.11-15 
 
Raman spectroscopy is an indispensable method to characterize and study graphene and many 
other 2D nanomaterials, and tremendous efforts have been devoted to this field. Take graphene as 
an example. The thickness of single and few-layer graphene can be unambiguously determined by 
the Raman intensity ratio between its G and 2D bands, and the detailed structure of the 2D band.16-
18 Similarly, MoS2, a typical transition metal dichalcogenide, shows clear Raman frequency 
changes in 𝐸𝐸2𝑔𝑔1  and 𝐴𝐴1𝑔𝑔 modes when scaled down to atomically thin sheets.19 In addition, Raman 
can be used to probe crystallinity,20-22 edge state,23-25 strain,26-33 doping,34-39 lattice temperature40-
42 of these 2D nanomaterials. In spite of the similar structure to graphene, BN nanosheets do not 
show a Raman 2D band due to the lack of Kohn anomaly, but Raman spectroscopy is still widely 
used to characterize BN nanosheets.4,8,10,12,43-52 Therefore, it is important to study Raman signature 
and phonon dispersion of BN nanosheets of different thicknesses.  
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However, there still lacks consensus on the Raman signature of atomically thin BN. Gorbachev et 
al. first reported that the Raman G band of atomically thin BN shifted with thickness: compared to 
bulk hBN crystals, monolayer (1L) BN on silicon oxide covered silicon wafer (SiO2/Si) substrate 
showed upshifted G band, while downshifts were observed from few-layer BN on the same 
substrate.44 Since then, these results have been used as a reference to determine the thickness of 
BN nanosheets in many reports. However, we found4,8,12 that 1L and few-layer BN nanosheets 
mechanically exfoliated from hBN single crystals from the same source on SiO2/Si substrate all 
showed upshifted G bands, but to different extent, compared to bulk hBN. The discrepancy implies 
a knowledge gap and can greatly affect the use of Raman spectroscopy for characterizing BN 
nanosheets. Till now, there is still no systematic study to understand the intrinsic Raman signatures 
of atomically thin BN. 
 
Here, we used both experiments and theoretical calculations to reveal the phonon dispersion and 
Raman signatures of BN nanosheets of different thicknesses. We found that the intrinsic Raman 
frequency of BN did not show dramatic change with thickness, but strain induced by substrates 
could greatly affect the G band frequency of monolayer and few-layer BN. This study not only 
provides a fundamental understanding of the vibrational property of atomically thin BN but also 
guides the use of Raman spectroscopy to analyze these 2D nanomaterials. 
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The high-quality atomically thin BN crystals used in this study were mechanically exfoliated from 
hBN single crystals53,54 on SiO2/Si substrates with and without pre-fabricated wells (1.3 µm in 
diameter and >2 µm deep) by Scotch tape technique. Our previous publications can be referred for 
details on the exfoliation process.4,8,12,15 Atomically thin BN nanosheets were located and 
identified using an optical microscope (Figure 1a and d) thanks to the interference enhancement 
by the SiO2 layer on Si wafer.44 The thickness of the BN nanosheets was then measured by atomic 
force microscopy (AFM). Figure 1b and e show AFM images of 1-2L BN nanosheets bound to 
SiO2/Si substrate and suspended over the wells, respectively. According to the corresponding 
height traces, the thicknesses of 1L and 2L BN were about 0.5 and 0.9 nm, respectively. These 
results are consistent with previous reports.6,8,12,44 
 
Figure 1. (a) Optical image of 1-3L BN nanosheets bound to SiO2/Si substrate; (b) the 
corresponding AFM image with height trace inserted; (c) Raman frequencies of the G band of 
substrate-bound 1-3L and bulk BN; (d) optical image of 1-2L BN nanosheets partially suspended 
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over ~1.3 μm wells; (e) the corresponding AFM image with height trace inserted; (f) Raman 
frequencies of the G band of suspended 1-3L BN and bulk hBN. 
 
The G band frequencies of substrate-bound 1-3L BN in comparison to that of bulk hBN crystal are 
shown in Figure 1c. Bulk hBN crystals showed a G band centered at 1366.6±0.2 cm-1 (based on 6 
samples, i.e. N=6), consistent with previous studies.4 It corresponds to the E2g vibration mode in 
hBN.55,56 Obviously upshifted G band were observed on the substrate-bound atomically thin BN: 
1369.6±0.6 cm-1 for 1L (N=8), 1369.0±0.5 cm-1 for 2L (N=6), and 1367.5±0.2 cm-1 for 3L (N=9). 
In addition, 1-3L BN showed more variations in their G band frequency than the bulk crystals.  
 
Three reasons may cause the upshifted G band of atomically thin BN: 1) doping due to substrate 
and/or adsorbates; 2) heating effect from laser beam; 3) strain induced by substrate (i.e. roughness). 
The doping effect can be ruled out because previous studies showed that monolayer BN nanosheets 
were not subject to surface doping.39,57 This is understandable by considering their electrical 
insulation. The laser heating effect can also be eliminated because we found that the G band 
frequency of BN nanosheets downshifted at higher temperatures: the G band of a 1L BN 
downshifted to 1367.7 cm-1 at 75 °C and 1366.4 cm-1 at 100 °C, respectively. In other words, laser 
heating should increase the temperature and soften the E2g phonons, resulting in redshift of the G 
band.56,58 Thus, laser heating cannot explain the upshifts of substrate-bound atomically thin BN. 
This leaves us with the only factor: strain.  
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Atomically thin nanosheets which have small bending moduli59,60 tend to corrugate or ripple, and 
it has been found that the uneven surface of SiO2 introduces strain to graphene.61,62 Therefore, it 
is likely that the different Raman frequency shifts from BN nanosheets of different thicknesses are 
due to their different degrees of corrugation and hence strain on SiO2/Si substrate. In other words, 
suspended atomically thin BN nanosheets which are mostly free from substrate disturbance 
(though probably still not completely strain free) should be much better to illustrate their intrinsic 
Raman signatures. As shown in Figure 1f, the average G band frequencies of suspended BN 
nanosheets were very close: 1367.3±0.3 cm-1 for 1L, 1367.0±0.1 cm-1 for 2L, and 1367.0±0.2 cm-
1 for 3L, respectively. These values were very close to the Raman frequency of bulk hBN (i.e. 
1366.6±0.2 cm-1). As aforementioned that BN nanosheets are not subject to substrate doping, the 
only difference between the substrate-bound and suspended BN nanosheets should be strain. Our 
results imply that 1) the observed different G band frequency of 1-3L BN on SiO2/Si should be 
due to their different flexibility and levels of strain caused by the uneven substrate; 2) the intrinsic 
Raman frequency of atomically thin BN of different thicknesses may be close to each other and 
that of bulk hBN crystals.  
 
To better understand the vibrational properties of BN nanosheets, we performed first-principles 
density functional calculations including van der Waals (vdW) dispersion forces (see Experimental 
section). We also took into account a fractional component of the exact exchange from the Hartree-
Fock (HF) theory hybridized with the density functional theory (DFT) exchange-correlation 
functional at the level of the range-separated HSE06 hybrid functional. The exchange-correlation 
energy in HSE06 is given by:  
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where )(, ωSRHFXE  is the short-range (SR) HF exchange; )(
, ωω SRPBEXE  and )(
, ωω LRPBEXE  are the 
short and long range (LR) components of the PBE exchange functional, respectively; 20.0=ω Å-
1 is the screening parameter, which defines the separation of the SR and LR exchange energy; and 
exα  is the HF mixing factor that controls the amount of exact Fock exchange energy in the 
functional.63-65 Note that HSE functional with 0=exα  becomes the PBE functional.66 Therefore, 
any limitation of the exchange and correlation functional in the chemical and physical description 
of the vibrational modes could be improved. 
 
Figure 2. (a) Phonon dispersion with their acoustic (ZA, TA, LA) and optical (ZO, TO, LO) 
branches labeled for 1L BN nanosheet calculated within the density functional theory. The range-
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separated hybrid functional HSE06 was used at different values of the mixing factor αex. The 
frequency of phonon branches increases with increased αex, as displayed in different colors.  (b) 
The enlarged region along the optical mode (E2g) highlighted by a small green rectangle in (a) to 
compare HSE06 simulations with the experimental value (red bar). (c) Calculated Raman shifts 
(cm-1) for E2g mode as a function of αex for 1L BN system. The different values of αex correspond 
to different contribution of HF exact exchange to the exchange-correlation functional: 0.0 (PBE 
including vdW corrections, opt-vdW functional), 0.10, 0.25 (standard HSE06), 0.35, and 0.40. (d) 
Ab initio Raman spectra of free-standing NL (N=1-3), with the vertical dashed line representing 
the calculated E2g frequency of bulk hBN calculated at opt-vdW level. The top inset shows a 
schematic of the Raman-active mode E2g in BN, and the bottom inset shows the variation of the 
Raman shift as a function of thickness at standard HSE06 functional (faint brown squares) and 
opt-vdW (orange squares) in comparison with the experimental values (red circles). (d) Phonon 
Grüneisen dispersion relations calculated for 1L BN layer at standard HSE06 (faint brown) and 
opt-vdW (orange) levels of theory. 
 
Figure 2a shows the ab initio phonon dispersion for 1L BN at different values of exα using the 
HSE06 method. Although the different values of exα  gave rise to similar trends in the dispersion 
of the phonon modes along the Brillouin-zone, including acoustic (ZA, TA, LA) and optical (ZO, 
TO, LO) phonon modes, the phonon frequencies slightly increased with increased exα . The largest 
difference in frequency from PBE ( 0=exα ) and HSE06 ( 40.0=exα ) methods was 47.80-67.41 
cm-1 at the ZO phonon branch; smaller differences were observed at specific k points, such as the 
Γ point (Figure 2b). In terms of the optical LO and TO phonons which are responsible for the 
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Raman G band of BN, PBE and standard HSE06 ( 25.0=exα ) gave rise to ~1.5% and 0.5% 
underestimated frequencies than the experimental values from the suspended 1L samples (i.e. 
1367.3±0.3 cm-1), respectively. However, this difference became negligible once higher 
magnitudes of exα ( 40.0= ) were included (Figure 2c). This indicates that even though the exact 
HF-exchange at its default mixing value corrects the self-interaction error in DFT and gives a 
better description of the vibrational properties,67,68 a full representation of the experimental data is 
only possible at higher values of exα . This highlights the importance of the HF exact exchange in 
the LR asymptotic behavior of the exchange-correlation potential, r/1− . Although it has been 
shown previously that exα  could improve the calculations of the Raman frequencies in several 
non-layered systems,69 no attempt has been made to improve the description of the vibrational 
properties of BN using approaches beyond mean-field level or quantum chemistry based methods. 
In fact, most of the discrepancy between calculations and experiments have been observed at local 
or semi-local levels using different functionals.70-78 Our simulations at HSE06 level gave rise to 
vibrational values much closer to those from experiments.  
 
Figure 2d shows the ab initio Raman spectra of freestanding 1-3L BN nanosheets and bulk hBN 
using a 514.5 nm laser simulated by PBE (opt-vdW functional) (main panel). The polarization of 
the incident and scattered light was set along (0, 1, 0) plane. Based on the opt-vdW functional, the 
in-plane vibrational E2g mode of freestanding 1L, 2L, 3L and bulk BN nanosheets were at 1348.5, 
1343.3, 1347.6 and 1343.7 cm-1, respectively (top inset in Fig. 2d). These frequencies were clearly 
downshifted relative to our experimental values (circles in red). In comparison, improvement was 
achieved at the level of HSE06 (faint brown squares) using the standard mixing value of 25.0=exα
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: 1360.6, 1357.6, 1357.4 and 1356.8 cm-1 for 1L, 2L, 3L and bulk hBN, respectively (bottom inset 
in Fig. 2d). Although the difference between calculations and experiments could be further 
corrected using higher values of exα , both sets of simulations reproduced closely the trend 
observed in the experiments (Figure 1f). That is, the E2g mode did not depend sensibly on the 
number of BN layers. This behavior is different from many other 2D nanomaterials, whose Raman 
modes change noticeably with decreased number of layers.16-19  
 
Based on the phonon-dispersion relations, we calculated the Grüneisen parameters (γ) at different 
k points of the Brillouin zone (see Experimental section) at opt-vdW and HSE06 ( 25.0=exα ) 
levels (Figure 2e).  HSE06 gave smaller Grüneisen parameters than opt-vdW. As previously 
discussed (Figure 2a), this was due to the effect of the increment of the phonon frequencies, as 
some fractional parts of the exact exchange were taken into account. Most of the HSE06-deduced 
values lay in the range of –1.13 to +0.83 at K and M points, respectively, and can be grouped into 
two sets: i) modes with γ>0, which were formed by LO, TO, LA and TA phonon branches; and ii) 
modes with γ<0, where ZO and ZA were the main components. The Grüneisen parameter for the 
LO and TO modes at Γ was 0.64. As shown later, this value is useful for the calculation of 
deformation or strain in BN from its G band shift. It should also be mentioned that the phonon 
frequencies were very sensitive to strain in the utilized supercell: changes as small as ~0.15% in 
lattice constant used in our calculations could induce ~9 cm-1 in Raman shift in both opt-vdW and 
HSE06 simulations. Such Raman shift increased or decreased linearly with further applied strain, 
suggesting a strain-driven vibrational state in BN nanosheets.   
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To further show the effect of strain on the Raman spectrum of BN nanosheets, we experimentally 
modified the level of strain in atomically thin BN on SiO2/Si and studied their G band frequency. 
Due to the different thermal expansion coefficient (TEC) between BN and SiO2, heat treatment 
can further increase the corrugation and hence strain in atomically thin BN, similar to the case of 
graphene.79 In our experiment, atomically thin BN nanosheets were heated up to 400 °C in argon 
(Ar) gas for 1 h. The roughness of a 1L BN before and after heat treatment was revealed by AFM 
(Figure 3a and b). The AFM images show that the heat treatment did increase the roughness of the 
nanosheet. Such change can be better seen from the Gaussian fitted height distributions in Figure 
3c: a relatively broader height distribution after heat treatment, corresponding to approximately 
20% of increased roughness. Height-height correlation function (HHCF) is another direct 
indication of the total and short-range roughness. The function can be described as: 
                                                𝑔𝑔(𝑥𝑥) = 〈(ℎ(?⃗?𝑥) − ℎ(?⃗?𝑥 − 𝑟𝑟)2〉                                                   (2) 
where ?⃗?𝑥 is any specific point in the image, and 𝑟𝑟 is a displacement vector. The average height 
difference between any two points separated by the distance 𝑟𝑟 is described by the function 𝑔𝑔(𝑥𝑥).80 
For the self-affine scaling, the function can be simplified as: 
                                               𝑔𝑔(𝑥𝑥) = 𝐴𝐴𝑟𝑟2𝐻𝐻for 𝑟𝑟 ≪ ξ                                                              (3) 
                                               𝑔𝑔(𝑥𝑥) = 2𝜎𝜎2 for 𝑟𝑟 ≫ ξ                                                               (4) 
where A is a constant; 𝐻𝐻 describes the degree of surface irregularity (i.e. jag) at the short range; ξ 
is the correlation length; σ denotes the root mean square (RMS) roughness.81 Figure 3d shows the 
log-log plot of the HHCF and the corresponding fittings (Eq. 3 and 4) of the 1L BN before and 
after heat treatment. The correlation functions increased significantly in the short range (i.e. r< ξ), 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 14 
and the fitting deduced 2H values for the 1L BN before and after heat treatment were 1.75±0.05 
and 1.51±0.05, respectively. This strongly suggests a more corrugated surface after annealing. In 
addition, the RMS roughness amplitude σ of the 1L BN increased from 123.6±0.1 pm to 139.4±0.4 
pm after heat treatment. According to the intersection of power-law line and the saturation line, 
the correlation length ξ can be calculated by: 
                                                            ξ = (2σ2 𝐴𝐴⁄ )1 2𝐻𝐻⁄                                                           (5) 
The values of ξ for the 1L BN before and after heat treatment were 25.7±0.1 and 24.2±0.2 nm, 
respectively. The larger RMS roughness and smaller correlation length further indicate larger 
roughness in the 1L BN after annealing. Therefore, the heat treatment increased the roughness and 
hence strain in substrate-bound atomically thin BN nanosheets. 
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Figure 3. AFM images of a 1L BN on SiO2/Si before (a) and after (b) heat treatment at 400 °C in 
Ar for 1 h; height distribution (c) and height-height correlation functions (d) of the nanosheet 
before and after the heat treatment. 
 
As aforementioned, the increased roughness after heat treatment was caused by a mismatch of the 
TEC between SiO2 substrate and BN nanosheets. The strain change introduced by the mismatch 
at certain temperature can be estimated by:82 
                                                 ∆𝜀𝜀 = ∫ �𝛼𝛼𝐵𝐵𝐵𝐵(𝑇𝑇) − 𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆2(𝑇𝑇)� 𝑑𝑑𝑇𝑇𝑇𝑇𝑚𝑚𝑅𝑅𝑇𝑇                                         (6) 
where 𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆2  and 𝛼𝛼𝐵𝐵𝐵𝐵are the temperature-dependent TEC of SiO2 and BN nanosheets, respectively. 
We used 0.75×10-6/K for 𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆2 and –2.9×10
-6/K for 𝛼𝛼𝐵𝐵𝐵𝐵 in calculation.49 Hence, our heat treatment 
at 400 °C should cause an increase of compressive strain of –0.14% in BN nanosheets. In other 
words, BN nanosheets expanded while SiO2 contracted during cooling down stage, increasing the 
biaxial compressive strain in the nanosheets.  
 
After the heat treatment, the Raman frequencies of substrate-bound 1-3L BN upshifted. The G 
band frequency of 1L BN increased from 1369.6±0.6 cm-1 to 1372.6±0.4 cm-1 after annealing, 
representing an upshift of 3.0±0.7 cm-1 (Figure 4b and c). The Raman upshifts observed from the 
heated 2L and 3L BN nanosheets are 2.7±0.8 and 2.2±0.6 cm-1, respectively (Figure 4d and e). In 
contrast, no change of G band frequency was detected from bulk hBN before and after the same 
heat treatment (Figure 4a). It is clear that strain is the key factor that determines the Raman 
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frequency of atomically thin BN nanosheets. We used the average Raman upshift of 1L BN after 
heat treatment to calculate the strain change:29 
                                                              𝜀𝜀 = −∆𝜔𝜔𝐺𝐺 2𝛾𝛾𝜔𝜔𝐺𝐺0⁄                                                        (7) 
where  ∆𝜔𝜔𝐺𝐺 is G band frequency shift, 𝛾𝛾 is Grüneisen parameter of hBN (0.64 deduced from Figure 
2e), 𝜔𝜔𝐺𝐺0  is the G band frequency of unstrained BN (we used 1367 cm-1). The strain change 
calculated based on the average upshift (3.0±0.7 cm-1) of the 1L BN nanosheets after heat treatment 
is –0.17±0.04%. This value is basically in agreement with that estimated using Eq. 6. 
 
Figure 4. Raman spectra of bulk (a) and 1L (b) BN on SiO2/Si, and Raman G band frequency 
shifts of 1L (c), 2L (d) and 3L BN (e) on SiO2/Si before (black) and after (red) the heat treatment. 
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In summary, the Raman frequency of monolayer and few-layer BN measured from suspended 
nanosheets was similar to that of bulk hBN, suggesting that the E2g mode of BN did not depend 
sensibly on the thickness. This was justified by DFT calculations at PBE-opt-vdW and HSE06 
levels of theory. Our simulations also indicated that the inclusion of exact exchange from the 
Hartree-Fock theory improved the accuracy of the calculated vibrational modes and gave 
remarkably improved agreement to the experimental data. In contrast, atomically thin BN on 
SiO2/Si showed upshifted Raman G bands with decreased thickness. This was due to higher 
flexibility of atomically thin nanosheets, which could follow the uneven surface of substrate more 
closely and hence gain more compressive strain. The substrate-induced strain in atomically thin 
BN was further increased by heating treatment, and as the result, further upshifts of the G band 
was observed. 
 
Experimental Section  
Preparation of BN nanosheets. The substrate-bound and suspended BN nanosheets were 
mechanically exfoliated from single-crystal hBN using Scotch tape on 90 nm SiO2/Si substrate 
with and without pre-fabricated 1.3 μm wells. An Olympus BX51 optical microscope equipped 
with a DP71 camera was used to locate atomically thin BN, and a Cypher AFM (Asylum Research) 
was employed to measure their thickness. The AFM images for estimating roughness of the 
nanosheets were taken with 512×512 pixels in contact mode. The Raman spectra of atomically 
thin and bulk BN were collected using a Renishaw inVia Raman microscope with a 514.5 nm laser. 
All Raman spectra were calibrated with the Raman band of Si at 520.5 cm-1. An objective lens of 
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100x with a numerical aperture of 0.9 was used (i.e. laser spot size of ~0.9 μm). In order to further 
introduce strain to BN nanosheets on SiO2/Si, the samples were heated in Ar at 400 °C for 1h.  
 
Theoretical calculation. Theoretical calculations were performed using the DFT formalism as 
implemented in the Vienna ab initio simulation package (VASP).83,84 For the calculations of 
phonon modes, both PHONON85,86 and Phonopy87 were used. A 2x2x1 supercell was used for 
these calculations. For the calculation of Raman band frequency, PHONON was used 
implementing the PEAD method. The optB88-vdW functional88 was used along with a plane-wave 
cutoff of 800 eV combined with the projector-augmented wave (PAW) method.89,90 Atoms were 
allowed to relax under the conjugate-gradient algorithm until the forces acting on the atoms were 
less than 1x10-8 eV/Å. The self-consistent field (SCF) convergence was also set to 1.0x10-8 eV. 
Relaxed lattice constants were found to be a=b=2.50976Å for the monolayer system and 
a=b=2.5110 Å for the bi and trilayer systems which is in excellent agreement with experiments. 
A 20 Å vacuum space was used to restrict interactions between images. A 12x12x1 gamma-
centered k-grid was used to sample the Brillouin zone for all systems. K-sampling was increased 
to 24x24x1 and there was no appreciable difference seen in the values obtained. 
 
AUTHOR INFORMATION 
Notes 
The authors declare no competing financial interests. 
ACKNOWLEDGMENT 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 19 
L.H.Li thanks the financial support from the Australian Research Council under Discovery Early 
Career Researcher Award (DE160100796). Y.Chen gratefully acknowledges the funding support 
from the Australian Research Council under the Discovery project. This work was performed in 
part at the Melbourne Centre for Nanofabrication (MCN) in the Victorian Node of the Australian 
National Fabrication Facility (ANFF). D.Scullion thanks the studentship from the EPSRC-DTP 
award. E.J.G.Santos acknowledges the use of computational resources from the UK national high-
performance computing service, ARCHER, for which access was obtained via the UKCP 
consortium and funded by EPSRC grant ref EP/K013564/1; and the Extreme Science and 
Engineering Discovery Environment (XSEDE), supported by NSF grants number TG-
DMR120049 and TG-DMR150017. The Queens Fellow Award through the start-up grant number 
M8407MPH and the Sustainable Energy PRP are also acknowledged.  
 
REFERENCES 
(1) Lindsay, L.; Broido, D., Enhanced Thermal Conductivity and Isotope Effect in Single-Layer 
Hexagonal Boron Nitride. Phys. Rev. B 2011, 84, 155421. 
(2) Zhi, C.; Bando, Y.; Tang, C.; Kuwahara, H.; Golberg, D., Large‐Scale Fabrication of Boron 
Nitride Nanosheets and Their Utilization in Polymeric Composites with Improved Thermal 
and Mechanical Properties. Adv. Mater. 2009, 21, 2889-2893. 
(3) Li, L. H.; Chen, Y., Atomically Thin Boron Nitride: Unique Properties and Applications. 
Adv. Funct. Mater. 2016, 26, 2594-2608. 
(4) Li, L. H.; Cervenka, J.; Watanabe, K.; Taniguchi, T.; Chen, Y., Strong Oxidation Resistance 
of Atomically Thin Boron Nitride Nanosheets. ACS Nano 2014, 8, 1457-1462. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 20 
(5) Liu, Z.; Gong, Y.; Zhou, W.; Ma, L.; Yu, J.; Idrobo, J. C.; Jung, J.; MacDonald, A. H.; Vajtai, 
R.; Lou, J., Ultrathin High-Temperature Oxidation-Resistant Coatings of Hexagonal Boron 
Nitride. Nat. Commun. 2013, 4, 2541. 
(6) Li, L. H.; Xing, T.; Chen, Y.; Jones, R., Boron Nitride Nanosheets for Metal Protection. Adv. 
Mater. Interfaces 2014, 1, 1300132. 
(7) Watanabe, K.; Taniguchi, T.; Kanda, H., Direct-Bandgap Properties and Evidence for 
Ultraviolet Lasing of Hexagonal Boron Nitride Single Crystal. Nat. Mater. 2004, 3, 404-409. 
(8) Li, L. H.; Santos, E. J. G.; Xing, T.; Cappelluti, E.; Roldan, R.; Chen, Y.; Watanabe, K.; 
Taniguchi, T., Dielectric Screening in Atomically Thin Boron Nitride Nanosheets. Nano Lett. 
2015, 15, 218-223. 
(9) Dean, C.; Young, A.; Meric, I.; Lee, C.; Wang, L.; Sorgenfrei, S.; Watanabe, K.; Taniguchi, 
T.; Kim, P.; Shepard, K., Boron Nitride Substrates for High-Quality Graphene Electronics. 
Nat. Nanotechnol. 2010, 5, 722-726. 
(10) Lee, K. H.; Shin, H.-J.; Lee, J.; Lee, I.-y.; Kim, G.-H.; Choi, J.-Y.; Kim, S.-W., Large-Scale 
Synthesis of High-Quality Hexagonal Boron Nitride Nanosheets for Large-Area Graphene 
Electronics. Nano Lett. 2012, 12, 714-718. 
(11) Lin, Y.; Bunker, C. E.; Fernando, K. S.; Connell, J. W., Aqueously Dispersed Silver 
Nanoparticle-Decorated Boron Nitride Nanosheets for Reusable, Thermal Oxidation-
Resistant Surface Enhanced Raman Spectroscopy (SERS) Devices. ACS Appl. Mater. 
Interfaces 2012, 4, 1110-1117. 
(12) Cai, Q.; Li, L. H.; Yu, Y.; Liu, Y.; Huang, S.; Chen, Y.; Watanabe, K.; Taniguchi, T., Boron 
Nitride Nanosheets as Improved and Reusable Substrates for Gold Nanoparticles Enabled 
Surface Enhanced Raman Spectroscopy. Phys. Chem. Chem. Phys. 2015, 17, 7761-7766. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 21 
(13) Dai, P.; Xue, Y.; Wang, X.; Weng, Q.; Zhang, C.; Jiang, X.; Tang, D.; Wang, X.; Kawamoto, 
N.; Ide, Y., Pollutant Capturing Sers Substrate: Porous Boron Nitride Microfibers with 
Uniform Silver Nanoparticle Decoration. Nanoscale 2015, 7, 18992-18997. 
(14) Cai, Q.; Mateti, S.; Watanabe, K.; Taniguchi, T.; Huang, S.; Chen, Y.; Li, L. H., Boron 
Nitride Nanosheet-Veiled Gold Nanoparticles for Surface-Enhanced Raman Scattering. ACS 
Appl. Mater. Interfaces 2016, 8, 15630-15636. 
(15) Cai, Q.; Mateti, S.; Yang, W.; Jones, R.; Watanabe, K.; Taniguchi, T.; Huang, S.; Chen, Y.; 
Li, L. H., Boron Nitride Nanosheets Improve Sensitivity and Reusability of Surface Enhanced 
Raman Spectroscopy. Angew. Chem. Int. Ed. 2016, 55, 8405-8409. 
(16) Ni, Z.; Wang, Y.; Yu, T.; Shen, Z., Raman Spectroscopy and Imaging of Graphene. Nano 
Res. 2008, 1, 273-291. 
(17) Malard, L.; Pimenta, M.; Dresselhaus, G.; Dresselhaus, M., Raman Spectroscopy in 
Graphene. Phys. Rep. 2009, 473, 51-87. 
(18) Ferrari, A.; Meyer, J.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; Piscanec, S.; Jiang, 
D.; Novoselov, K.; Roth, S., Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. 
Lett. 2006, 97, 187401. 
(19) Li, H.; Zhang, Q.; Yap, C. C. R.; Tay, B. K.; Edwin, T. H. T.; Olivier, A.; Baillargeat, D., 
From Bulk to Monolayer MoS2: Evolution of Raman Scattering. Adv. Funct. Mater. 2012, 
22, 1385-1390. 
(20) Ferrari, A. C., Raman Spectroscopy of Graphene and Graphite: Disorder, Electron-Phonon 
Coupling, Doping and Nonadiabatic Effects. Solid State Commun. 2007, 143, 47-57. 
(21) Cancado, L. G.; Jorio, A.; Ferreira, E. H. M.; Stavale, F.; Achete, C. A.; Capaz, R. B.; 
Moutinho, M. V. O.; Lombardo, A.; Kulmala, T. S.; Ferrari, A. C., Quantifying Defects in 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 22 
Graphene Via Raman Spectroscopy at Different Excitation Energies. Nano Lett. 2011, 11, 
3190-3196. 
(22) Xing, T.; Li, L. H.; Hou, L. T.; Hu, X. P.; Zhou, S. X.; Peter, R.; Petravic, M.; Chen, Y., 
Disorder in Ball-Milled Graphite Revealed by Raman Spectroscopy. Carbon 2013, 57, 515-
519. 
(23) You, Y. M.; Ni, Z. H.; Yu, T.; Shen, Z. X., Edge Chirality Determination of Graphene by 
Raman Spectroscopy. Appl. Phys. Lett. 2008, 93, 163112. 
(24) Casiraghi, C.; Hartschuh, A.; Qian, H.; Piscanec, S.; Georgi, C.; Fasoli, A.; Novoselov, K. 
S.; Basko, D. M.; Ferrari, A. C., Raman Spectroscopy of Graphene Edges. Nano Lett. 2009, 
9, 1433-1441. 
(25) Xu, Y. N.; Zhan, D.; Liu, L.; Suo, H.; Ni, Z. H.; Thuong, T. N.; Zhao, C.; Shen, Z. X., Thermal 
Dynamics of Graphene Edges Investigated by Polarized Raman Spectroscopy. ACS Nano 
2011, 5, 147-152. 
(26) Ni, Z. H.; Yu, T.; Lu, Y. H.; Wang, Y. Y.; Feng, Y. P.; Shen, Z. X., Uniaxial Strain on 
Graphene: Raman Spectroscopy Study and Band-Gap Opening. ACS Nano 2008, 2, 2301-
2305. 
(27) Dong, X. C.; Shi, Y. M.; Zhao, Y.; Chen, D. M.; Ye, J.; Yao, Y. G.; Gao, F.; Ni, Z. H.; Yu, 
T.; Shen, Z. X.; Huang, Y. X.; Chen, P.; Li, L. J., Symmetry Breaking of Graphene 
Monolayers by Molecular Decoration. Phys. Rev. Lett. 2009, 102, 135501. 
(28) Huang, M. Y.; Yan, H. G.; Chen, C. Y.; Song, D. H.; Heinz, T. F.; Hone, J., Phonon Softening 
and Crystallographic Orientation of Strained Graphene Studied by Raman Spectroscopy. 
Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 7304-7308. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 23 
(29) Mohiuddin, T.; Lombardo, A.; Nair, R.; Bonetti, A.; Savini, G.; Jalil, R.; Bonini, N.; Basko, 
D.; Galiotis, C.; Marzari, N., Uniaxial Strain in Graphene by Raman Spectroscopy: G Peak 
Splitting, Grüneisen Parameters, and Sample Orientation. Phys. Rev. B 2009, 79, 205433. 
(30) Ni, Z. H.; Yu, T.; Lu, Y. H.; Wang, Y. Y.; Feng, Y. P.; Shen, Z. X., Uniaxial Strain on 
Graphene: Raman Spectroscopy Study and Band-Gap Opening. ACS Nano 2009, 3, 483-483. 
(31) Yoon, D.; Son, Y. W.; Cheong, H., Strain-Dependent Splitting of the Double-Resonance 
Raman Scattering Band in Graphene. Phys. Rev. Lett. 2011, 106, 155502. 
(32) Zabel, J.; Nair, R. R.; Ott, A.; Georgiou, T.; Geim, A. K.; Novoselov, K. S.; Casiraghi, C., 
Raman Spectroscopy of Graphene and Bilayer under Biaxial Strain: Bubbles and Balloons. 
Nano Lett. 2012, 12, 617-621. 
(33) Neumann, C.; Reichardt, S.; Venezuela, P.; Drogeler, M.; Banszerus, L.; Schmitz, M.; 
Watanabe, K.; Taniguchi, T.; Mauri, F.; Beschoten, B.; Rotkin, S. V.; Stampfer, C., Raman 
Spectroscopy as Probe of Nanometre-Scale Strain Variations in Graphene. Nat. Commun. 
2015, 6, 8429. 
(34) Das, A.; Pisana, S.; Chakraborty, B.; Piscanec, S.; Saha, S.; Waghmare, U.; Novoselov, K.; 
Krishnamurthy, H.; Geim, A.; Ferrari, A., Monitoring Dopants by Raman Scattering in an 
Electrochemically Top-Gated Graphene Transistor. Nat. Nanotechnol. 2008, 3, 210-215. 
(35) Dong, X. C.; Fu, D. L.; Fang, W. J.; Shi, Y. M.; Chen, P.; Li, L. J., Doping Single-Layer 
Graphene with Aromatic Molecules. Small 2009, 5, 1422-1426. 
(36) Kalbac, M.; Reina-Cecco, A.; Farhat, H.; Kong, J.; Kavan, L.; Dresselhaus, M. S., The 
Influence of Strong Electron and Hole Doping on the Raman Intensity of Chemical Vapor-
Deposition Graphene. ACS Nano 2010, 4, 6055-6063. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 24 
(37) Medina, H.; Lin, Y. C.; Obergfell, D.; Chiu, P. W., Tuning of Charge Densities in Graphene 
by Molecule Doping. Adv. Funct. Mater. 2011, 21, 2687-2692. 
(38) Bruna, M.; Ott, A. K.; Ijas, M.; Yoon, D.; Sassi, U.; Ferrari, A. C., Doping Dependence of 
the Raman Spectrum of Defected Graphene. ACS Nano 2014, 8, 7432-7441. 
(39) Chen, Z. Y.; Darancet, P.; Wang, L.; Crowther, A. C.; Gao, Y. D.; Dean, C. R.; Taniguchi, 
T.; Watanabe, K.; Hone, J.; Marianetti, C. A.; Brus, L. E., Physical Adsorption and Charge 
Transfer of Molecular Br2 on Graphene. ACS Nano 2014, 8, 2943-2950. 
(40) Calizo, I.; Balandin, A. A.; Bao, W.; Miao, F.; Lau, C. N., Temperature Dependence of the 
Raman Spectra of Graphene and Graphene Multilayers. Nano Lett. 2007, 7, 2645-2649. 
(41) Balandin, A. A.; Ghosh, S.; Bao, W. Z.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C. N., 
Superior Thermal Conductivity of Single-Layer Graphene. Nano Lett. 2008, 8, 902-907. 
(42) Cai, W. W.; Moore, A. L.; Zhu, Y. W.; Li, X. S.; Chen, S. S.; Shi, L.; Ruoff, R. S., Thermal 
Transport in Suspended and Supported Monolayer Graphene Grown by Chemical Vapor 
Deposition. Nano Lett. 2010, 10, 1645-1651. 
(43) Song, L.; Ci, L. J.; Lu, H.; Sorokin, P. B.; Jin, C. H.; Ni, J.; Kvashnin, A. G.; Kvashnin, D. 
G.; Lou, J.; Yakobson, B. I.; Ajayan, P. M., Large Scale Growth and Characterization of 
Atomic Hexagonal Boron Nitride Layers. Nano Lett. 2010, 10, 3209-3215. 
(44) Gorbachev, R. V.; Riaz, I.; Nair, R. R.; Jalil, R.; Britnell, L.; Belle, B. D.; Hill, E. W.; 
Novoselov, K. S.; Watanabe, K.; Taniguchi, T., Hunting for Monolayer Boron Nitride: 
Optical and Raman Signatures. Small 2011, 7, 465-468. 
(45) Sainsbury, T.; Satti, A.; May, P.; Wang, Z. M.; McGovern, I.; Gun'ko, Y. K.; Coleman, J., 
Oxygen Radical Functionalization of Boron Nitride Nanosheets. J. Am. Chem. Soc. 2012, 
134, 18758-18771. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 25 
(46) Gao, Y.; Ren, W. C.; Ma, T.; Liu, Z. B.; Zhang, Y.; Liu, W. B.; Ma, L. P.; Ma, X. L.; Cheng, 
H. M., Repeated and Controlled Growth of Monolayer, Bilayer and Few-Layer Hexagonal 
Boron Nitride on Pt Foils. ACS Nano 2013, 7, 5199-5206. 
(47) Kim, G.; Jang, A.-R.; Jeong, H. Y.; Lee, Z.; Kang, D. J.; Shin, H. S., Growth of High-
Crystalline, Single-Layer Hexagonal Boron Nitride on Recyclable Platinum Foil. Nano Lett. 
2013, 13, 1834-1839. 
(48) Liu, Z.; Ma, L. L.; Shi, G.; Zhou, W.; Gong, Y. J.; Lei, S. D.; Yang, X. B.; Zhang, J. N.; Yu, 
J. J.; Hackenberg, K. P.; Babakhani, A.; Idrobo, J. C.; Vajtai, R.; Lou, J.; Ajayan, P. M., In-
Plane Heterostructures of Graphene and Hexagonal Boron Nitride with Controlled Domain 
Sizes. Nat. Nanotechnol. 2013, 8, 119-124. 
(49) Park, J.-H.; Park, J. C.; Yun, S. J.; Kim, H.; Luong, D. H.; Kim, S. M.; Choi, S. H.; Yang, 
W.; Kong, J.; Kim, K. K., Large-Area Monolayer Hexagonal Boron Nitride on Pt Foil. ACS 
Nano 2014, 8, 8520-8528. 
(50) Zhou, H. Q.; Zhu, J. X.; Liu, Z.; Yan, Z.; Fan, X. J.; Lin, J.; Wang, G.; Yan, Q. Y.; Yu, T.; 
Ajayan, P. M.; Tour, J. M., High Thermal Conductivity of Suspended Few-Layer Hexagonal 
Boron Nitride Sheets. Nano Res. 2014, 7, 1232-1240. 
(51) Khan, M. H.; Huang, Z. G.; Xiao, F.; Casillas, G.; Chen, Z. X.; Molino, P. J.; Liu, H. K., 
Synthesis of Large and Few Atomic Layers of Hexagonal Boron Nitride on Melted Copper. 
Sci. Rep. 2015, 5, 7743. 
(52) Stehle, Y.; Meyer III, H. M.; Unocic, R. R.; Kidder, M.; Polizos, G.; Datskos, P. G.; Jackson, 
R.; Smirnov, S. N.; Vlassiouk, I. V., Synthesis of Hexagonal Boron Nitride Monolayer: 
Control of Nucleation and Crystal Morphology. Chem. Mater. 2015, 27, 8041-8047. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 26 
(53) Taniguchi, T.; Watanabe, K., Synthesis of High-Purity Boron Nitride Single Crystals under 
High Pressure by Using Ba–BN Solvent. J. Cryst. Growth 2007, 303, 525-529. 
(54) Li, L.; Li, L. H.; Chen, Y.; Dai, X. J.; Lamb, P. R.; Cheng, B. M.; Lin, M. Y.; Liu, X., High‐
Quality Boron Nitride Nanoribbons: Unzipping During Nanotube Synthesis. Angew. Chem. 
2013, 125, 4306-4310. 
(55) Golberg, D.; Bando, Y.; Huang, Y.; Terao, T.; Mitome, M.; Tang, C.; Zhi, C., Boron Nitride 
Nanotubes and Nanosheets. ACS Nano 2010, 4, 2979-2993. 
(56) Arenal, R.; Ferrari, A.; Reich, S.; Wirtz, L.; Mevellec, J.-Y.; Lefrant, S.; Rubio, A.; Loiseau, 
A., Raman Spectroscopy of Single-Wall Boron Nitride Nanotubes. Nano Lett. 2006, 6, 1812-
1816. 
(57) Ling, X.; Fang, W. J.; Lee, Y. H.; Araujo, P. T.; Zhang, X.; Rodriguez-Nieva, J. F.; Lin, Y. 
X.; Zhang, J.; Kong, J.; Dresselhaus, M. S., Raman Enhancement Effect on Two-Dimensional 
Layered Materials: Graphene, h-BN and MoS2. Nano Lett. 2014, 14, 3033-3040. 
(58) Exarhos, G. J.; Schaaf, J. W., Raman Scattering from Boron Nitride Coatings at High 
Temperatures. J. Appl. Phys. 1991, 69, 2543-2548. 
(59) Lu, Q.; Arroyo, M.; Huang, R., Elastic Bending Modulus of Monolayer Graphene. J. Phys. 
D: Appl. Phys. 2009, 42, 102002. 
(60) Xu, Z. P.; Buehler, M. J., Geometry Controls Conformation of Graphene Sheets: Membranes, 
Ribbons, and Scrolls. ACS Nano 2010, 4, 3869-3876. 
(61) Ishigami, M.; Chen, J. H.; Cullen, W. G.; Fuhrer, M. S.; Williams, E. D., Atomic Structure 
of Graphene on SiO2. Nano Lett. 2007, 7, 1643-1648. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 27 
(62) Cullen, W. G.; Yamamoto, M.; Burson, K. M.; Chen, J. H.; Jang, C.; Li, L.; Fuhrer, M. S.; 
Williams, E. D., High-Fidelity Conformation of Graphene to SiO2 Topographic Features. 
Phys. Rev. Lett. 2010, 105. 
(63) Heyd, J.; Scuseria, G. E.; Ernzerhof, M., Hybrid Functionals Based on a Screened Coulomb 
Potential. J. Chem. Phys. 2003, 118, 8207-8215. 
(64) Heyd, J.; Scuseria, G. E.; Ernzerhof, M., Erratum: "Hybrid Functionals Based on a Screened 
Coulomb Potential". J. Chem. Phys. 2006, 124, 219906. 
(65) Heyd, J.; Scuseria, G. E., Efficient Hybrid Density Functional Calculations in Solids: 
Assessment of the Heyd-Scuseria-Ernzerhof Screened Coulomb Hybrid Functional. J. Chem. 
Phys. 2004, 121, 1187-1192. 
(66) Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized Gradient Approximation Made Simple. 
Phys. Rev. Lett. 1996, 77, 3865-3868. 
(67) Franchini, C.; Podloucky, R.; Allegretti, F.; Li, F.; Parteder, G.; Surnev, S.; Netzer, F. P., 
Structural and Vibrational Properties of Two-Dimensional MnxOy Layers on Pd(100): 
Experiments and Density Functional Theory Calculations. Phys. Rev. B 2009, 79, 035420. 
(68) Hummer, K.; Harl, J.; Kresse, G., Heyd-Scuseria-Ernzerhof Hybrid Functional for 
Calculating the Lattice Dynamics of Semiconductors. Phys. Rev. B 2009, 80, 115205. 
(69) Jimenez-Hoyos, C. A.; Janesko, B. G.; Scuseria, G. E., Evaluation of Range-Separated 
Hybrid Density Functionals for the Prediction of Vibrational Frequencies, Infrared 
Intensities, and Raman Activities. Phys. Chem. Chem. Phys. 2008, 10, 6621-6629. 
(70) Sanjurjo, J. A.; Lopezcruz, E.; Vogl, P.; Cardona, M., Dependence on Volume of the Phonon 
Frequencies and Their Effective Charges of Several III-V Semiconductors. Phys. Rev. B 
1983, 28, 4579-4584. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 28 
(71) Kern, G.; Kresse, G.; Hafner, J., Ab Initio Calculation of the Lattice Dynamics and Phase 
Diagram of Boron Nitride. Phys. Rev. B 1999, 59, 8551-8559. 
(72) Sanchez-Portal, D.; Hernandez, E., Vibrational Properties of Single-Wall Nanotubes and 
Monolayers of Hexagonal BN. Phys. Rev. B 2002, 66, 235415. 
(73) Wirtz, L.; Rubio, A.; de la Concha, R. A.; Loiseau, A., Ab Initio Calculations of the Lattice 
Dynamics of Boron Nitride Nanotubes. Phys. Rev. B 2003, 68, 045425. 
(74) Yu, W. J.; Lau, W. M.; Chan, S. P.; Liu, Z. F.; Zheng, Q. Q., Ab Initio Study of Phase 
Transformations in Boron Nitride. Phys. Rev. B 2003, 67, 014108. 
(75) Reich, S.; Ferrari, A. C.; Arenal, R.; Loiseau, A.; Bello, I.; Robertson, J., Resonant Raman 
Scattering in Cubic and Hexagonal Boron Nitride. Phys. Rev. B 2005, 71, 205201. 
(76) Nag, A.; Raidongia, K.; Hembram, K. P. S. S.; Datta, R.; Waghmare, U. V.; Rao, C. N. R., 
Graphene Analogues of BN: Novel Synthesis and Properties. ACS Nano 2010, 4, 1539-1544. 
(77) Slotman, G. J.; de Wijs, G. A.; Fasolino, A.; Katsnelson, M. I., Phonons and Electron-Phonon 
Coupling in Graphene-h-BN Heterostructures. Ann. Phys. 2014, 526, 381-386. 
(78) Jung, S.; Park, M.; Park, J.; Jeong, T. Y.; Kim, H. J.; Watanabe, K.; Taniguchi, T.; Ha, D. H.; 
Hwang, C.; Kim, Y. S., Vibrational Properties of h-BN and h-BN-Graphene Heterostructures 
Probed by Inelastic Electron Tunneling Spectroscopy. Sci. Rep. 2015, 5, 16642. 
(79) Ryu, S.; Liu, L.; Berciaud, S.; Yu, Y.-J.; Liu, H.; Kim, P.; Flynn, G. W.; Brus, L. E., 
Atmospheric Oxygen Binding and Hole Doping in Deformed Graphene on a SiO2 Substrate. 
Nano Lett. 2010, 10, 4944-4951. 
(80) Gredig, T.; Silverstein, E. A.; Byrne, M. P. In Height-Height Correlation Function to 
Determine Grain Size in Iron Phthalocyanine Thin Films, J. Phys.: Conf. Ser. 2013, 417, 
012069. 
 
 
Nanoscale 2017, 9, 3059–3067 
DOI: 10.1039/c6nr09312d 
 29 
(81) Palasantzas, G.; Tsamouras, D.; De Hosson, J. T. M., Roughening Aspects of Room 
Temperature Vapor Deposited Oligomer Thin Films onto Si Substrates. Surf. Sci. 2002, 507, 
357-361. 
(82) Pan, W.; Xiao, J.; Zhu, J.; Yu, C.; Zhang, G.; Ni, Z.; Watanabe, K.; Taniguchi, T.; Shi, Y.; 
Wang, X., Biaxial Compressive Strain Engineering in Graphene/Boron Nitride 
Heterostructures. Sci. Rep. 2012, 2, 1038. 
(83) Kresse, G.; Hafner, J., Ab-Initio Molecular-Dynamics for Open-Shell Transition-Metals. 
Phys. Rev. B 1993, 48, 13115-13118. 
(84) Kresse, G.; Furthmuller, J., Efficient Iterative Schemes for Ab Initio Total-Energy 
Calculations Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169-11186. 
(85) Parlinski, K.; Li, Z. Q.; Kawazoe, Y., First-Principles Determination of the Soft Mode in 
Cubic Zro2. Phys. Rev. Lett. 1997, 78, 4063-4066. 
(86) Parlinski, K., Software Phonon. Cracow: 2010. 
(87) Togo, A.; Tanaka, I., First Principles Phonon Calculations in Materials Science. Scr. Mater. 
2015, 108, 1-5. 
(88) Klimes, J.; Bowler, D. R.; Michaelides, A., Chemical Accuracy for the Van Der Waals 
Density Functional. J. Phys.: Condens. Matter 2010, 22, 022201. 
(89) Blochl, P. E., Projector Augmented-Wave Method. Phys. Rev. B 1994, 50, 17953-17979. 
(90) Kresse, G.; Joubert, D., From Ultrasoft Pseudopotentials to the Projector Augmented-Wave 
Method. Phys. Rev. B 1999, 59, 1758-1775. 
 
